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Abstract 
This work was aimed to study the pyrolysis behaviour and mechanisms of Buton oil sand via both experimentation 
and kinetic analysis. The non-isothermal pyrolysis experiments of the oil sand and its main organic component, 
bitumen, were carried out using a thermogravimetric analyser (TGA) operating at various heating rates of 2, 5, 10 and  
20Kmin-1 from room temperature to 823 K and in a nitrogen atmosphere. The activation energy of the oil sand 
pyrolysis was estimated using an integral model-free method based on the TGA experimental data. The results 
showed that the content of the bitumen in the oil sand was approximately 18% by weight and the pyrolysis process of 
the bitumen completed at 823K regardless of the heating rate. The calculated activation energy strongly depended on 
the degree of pyrolysis conversion (ranging from 100kJmol-1 to 250kJmol-1). Good agreement between the kinetic 
modelling and experimental data of dependence of conversion degree on temperature was obtained, suggesting that 
the integral model-free method can serve as an effective tool to predict the pyrolysis behaviour of the oil sand. 
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1. Introduction 
Oil sand, also known as tar sand or bituminous sand, is unconsolidated sand deposits that are 
impregnated with high molar mass viscous petroleum, normally referred to as bitumen [1]. Pyro lysis is an 
effective way to separate and recover the bitumen from the sandstone host [2]. 
In this study, the pyrolysis characteristics of an oil sand collected from Buton, Indonesia , was studied 
using a TGA and the model-free method was adopted to obtain the apparent activation energy (ܧఈ ) of 
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pyrolysis. In order to gain  a mechanistic understanding of the oil sand pyrolysis, TG analysis of the 
bitumen extracted from the oil sand was also performed. 
2.  Experimental and Kinetic Analysis 
The as-received rock-like o il sand sample was first broken into small pieces and then crushed into 
small part icles. The particle size fraction of <200μm was used for the experimentation. Commonly used 
Dean-Stark method was adopted to determine the composition of the oil sand, and the result is lis ted in 
Table 1. The derived bitumen was further separated into asphaltene and maltene by n -heptane 
precipitation. The proximate and ultimate analyses are listed in Table 1 as well. 
Table 1 Composition of Buton oil sand 
Oil sand composition 
(wt%) 
Bitumen composition 
(wt%) 
Proximate analysis  
(wt% ad)  
Ultimate analysis  
(wt% daf) 
 
Moisture 0.2 Asphaltene 35.3   Moisture 0.5 C 56.1   
Bitumen 18.4 Maltene 64.7   Volatile 45.2 H 4.7   
Sand 81.4     Ash 54.0 S 1.5   
      Fixed carbon 0.3 O+N (by diff.) 37.7   
 
The pyrolysis experiments were performed using a thermogravimetric analyser (TA instrument 
SDT600), operating at four different heating rates of 2, 5, 10 and 20Kmin -1 in a n itrogen flow at 
150mlmin-1. About 6-7 mg of the oil sand was placed in an alumina crucible for each run. The final 
pyrolysis temperature was set at 823K as our preliminary  screening tests indicated that the pyrolysis 
process of bitumen has completed by 823K. 
The TGA experimental data was used for the kinetic analysis using the model-free method. The basic 
principles and calculat ion procedures of the calculation have been described elsewhere by Vyazovkin et 
al [3]. 
3. Results and Discussion 
3.1. Pyrolysis characteristics of Buton oil sand 
Fig.1 shows the TG and DTG curves of the oil sand and its derived components, namely b itumen, 
maltene and asphaltene, at the heating rate of 5Kmin-1. In order to investigate the sand effect on bitumen 
pyrolysis, the TG curve of the oil sand was redrawn with a sand free basis. Since bitumen is derived from 
oil sand, it  is not surprising that it has a similar behaviour to that of the oil sand. As shown in  Fig.1, both 
the oil sand and bitumen started to lose weight at 473K and reached the maximum rate of weight loss at 
approximately 710K. A minor d ifference between them lies in the coke formation after pyrolysis. As 
shown in Fig. 1(a), about 8% more coke was formed when sand was present, suggesting that sand 
favoured the coke formation. The reason will be further discussed in Section 3.2. 
It is obvious from Fig. 1 that maltene experienced much faster weight loss than asphaltene between 
473 K and 623K, and in the h igher temperature region, both maltene and asphaltene showed similar 
weight loss rates. Hence, the bitumen pyrolysis process could be characteristically classified into two 
temperature regions: (1) between 473 K and 623 K, maltene decomposition dominated and (2) between 
623 K and 823 K, both maltene and asphaltene decomposed. Yasar et al [4] studied the pyrolysis of 
maltene and asphaltene and found that both maltene and asphaltene produced coke in the end and maltene 
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converted into asphaltene before the coke was formed. In other words, maltene will be transformed into 
asphaltene and then coke during pyrolysis. Therefore, the similar pyrolysis behaviour between maltene 
and asphaltene seen above 623K is caused by the maltene transformation to asphaltene.  
 
 
Fig. 1. TG (a) and DTG (b) curves of oil sand and its derived components  
3.2. Pyrolysis kinetics of Buton oil sand 
The dependence of ܧఈ  on the conversion degree (Ƚ ൌ ௪బି௪೅௪బି௪ಮ, where ݓ଴ is the init ial weight of sample, ݓ் is the sample weight at temperature , and ݓஶ is the final weight of sample) of the oil sand, bitumen, 
maltene and asphaltene during pyrolysis is shown in Fig. 2. It is clearly that the ܧఈ  values of both the oil 
sand and bitumen showed a similar increasing trend with increas ing Ƚ. The strong dependence of ܧఈ  on Ƚ 
indicates that the oil sand and bitumen pyrolysis followed a complex and evolving mechanism as the 
reaction proceeds with increasing temperature rather than a globally single mechanism widely assumed in 
the literature. As the reaction proceeds, the coke formed wrapped the tar sand or bitumen [4], making it 
difficult  for the volat ile  to release and leading to an  increase in ܧఈ . ܧఈ  varied  from ca 120 KJmol-1 to 250 
KJmol-1 for the oil sand, roughly 20-30 KJmol-1 higher than that for bitumen at the same conversion 
degree, suggesting that the sand had impact on the b itumen  pyrolysis. Ph illips et al [5] reported that sand 
had catalytic effects on bitumen  pyrolysis, which favoured the coke fo rmation during the oil sand 
pyrolysis. Therefore, it is suspected that the sand prohibited the release of the volat ile  during the oil sand 
pyrolysis, resulting in higher ܧఈ . 
 
 
Figure 2 Dependence of the activation energy on the conversion degree (a) oil sand and derived bitumen and (b) maltene and 
asphaltene 
It is noted from Fig. 2(b) that the ܧఈ  value of maltene was lower than that of asphaltene during the 
whole pyrolysis process. This may be due to the fact that the average molecular structure of ma ltene is 
relatively simpler than that of asphaltene, and is easier to evaporate and release upon heating [4]. This is 
consistent with aforementioned experimental results that the pyrolysis of bitumen started with the 
pyrolysis of maltene. Another interesting observation from Fig. 2(b) is that ܧఈ  at the latter stage of 
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maltene pyrolysis (Ƚ maltene>0.7) was similar to that at the starting stage of asphaltene pyrolysis 
(Ƚaspaltene<0.6). Th is may provide another piece of ev idence that maltene turned into asphaltene because of 
the thermal effect. 
3.3. Model-free method validation 
Fig. 3 compares the calculated and experimental results of the conversion degree (Ƚ) –  temperature () 
relationship at the heating rates of 2, 20, and 90 Kmin-1. It is clear that the calculated results were in 
general in  excellent agreement with the experimental data. It is not surprising to see the good match 
between the calculated results and the experimental data of the Ƚ- relation at the heating rates of 2 and 
20 Kmin-1 as the ܧఈ  value was calcu lated using the same experimental data obtained at heating rates of 2, 
5, 10 and 20 Kmin-1. However, Fig. 3 confirmed that the estimated ܧఈ  value can also be used to predict 
the pyrolysis behaviour at other heating rates (such as 90 Kmin-1 in this example) very well. It suggests 
that the model-free method can be a reliable approach to calculat ing the kinetics of oil sand pyrolysis  and 
predict the pyrolysis behaviour. 
 
 
Figure 3 A comparison between calculated data and experimental data of the dependence of conversion degree on temperature 
4. Conclusions 
Decomposition of bitumen in the Buton oil sand completed at 823K regard less of the heating rate and 
two characteristic stages of the pyrolysis were observed, one being the maltene pyrolysis between 473 K 
and 623 K and the otherbeing both maltene and asphaltene pyrolysis  between 623 K and 823 K. As the 
pyrolysis proceeded to from low to high temperatures, maltene transformed to asphaltene. The sand 
particles hindered the decomposition of bitumen during the oil sand pyrolysis. The model-free method has 
been shown to serve as an effective tool to predict the pyrolysis behaviour of the oil sand. 
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